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dMyc Transforms Cells into Super-Competitors
developing tissue remains unchanged and no morpho-Eduardo Moreno and Konrad Basler*
Institut fu¨r Molekularbiologie logical alterations ensue in the resulting organ. This plas-
Universita¨t Zu¨rich ticity allows cells within a tissue to freely interact with
Winterthurerstr. 190 each other and may contribute to the optimization of
CH-8057 Zu¨rich organ function.
Switzerland Departure of individual cells from the limits of such
plasticity and disruption of the balance between prolifer-
ation and death may inevitably lead to pathologies, as
exemplified by cancer, where deregulated proliferation
Summary together with suppressed apoptosis forms an obligate
and universal initial platform supporting tumor develop-
Overexpression of myc protooncogenes has been im- ment (Hanahan and Weinberg, 2000; Evan and Vousden,
plicated in the genesis of many human tumors. Myc 2001; Green and Evan, 2002). Cell competition has re-
proteins seem to regulate diverse biological pro- cently been speculated to be involved in cancer through
cesses, but their role in tumorigenesis remains enig- the acquisition of mutations that transform cells into
matic. Here we use Drosophila imaginal discs to mimic “super-competitors” (Abrams, 2002). A hypothetical su-
situations in which cells with unequal levels of Myc per-competitor cell could clonally expand within a tis-
protein are apposed and show that this invariably elic- sue, propagating an initial mutation within the cell field
its a win/lose situation reminiscent of cell competition; and thereby increasing the number of target cells for
cells with lower levels of dMyc are eliminated by apo- further oncogenic lesions. Here we asked whether any
ptosis whereas cells with higher levels of dMyc over- of the alterations associated with malignant growth in
proliferate. We find that this competitive behavior cor- humans could confer such an advantage and transform
relates with, and can be corrected by, the activation cells into super-competitors.
of the BMP/Dpp survival signaling pathway. Hence Among the candidate genes involved in the initial
the heritable increase in dMyc levels causes cells to steps of tumor formation, the myc family has a prominent
behave as “super-competitors” and reveals a novel
position (Pelengaris et al., 2002). Mammalian myc genes
mode of clonal expansion that causes, but also relies
have been implicated in the initiation of various murine
on, the killing of surrounding cells.
and human cancers in lung, colon, breast, bladder, and
brain (Nesbit et al., 1999). Myc proteins act as transcrip-
tion factors and induce the expression of cell growth-Introduction
promoting genes, especially genes that control cellular
biometabolism and stimulate protein synthesis (re-Substantial progress has been made over the past de-
viewed in Eisenman, 2001).cade in elucidating the molecular circuitries that control
Here we study cell proliferation and apoptosis whenindividual cellular behaviors, such as cell death or cell
two cell populations with different levels of dMyc areproliferation. However, the properties of entire cell
confronted with each other in the epithelium of the Dro-groups can only in part be predicted from adding up
sophila wing. We show that the clonal proliferation be-those of individual cells. The ultimate understanding of
havior of cells exhibiting a set amount of dMyc istissue development and organ function will require a
strongly influenced by surrounding cells if these expressbetter knowledge of how cellular behaviors are intercon-
different amounts: cells with lower levels of dMyc arenected. Understanding the coordination of cell death
eliminated by apoptosis while cells with higher levels ofand cell proliferation within multicellular communities
dMyc proliferate more. This rule also holds when theis a challenging task, especially in systems with high
lower level of dMyc is set at wild-type and when theplasticity where changes in one process have an impact
difference in levels vis-a`-vis surrounding cells is merelyon the extent of the other.
two-fold. We further find that cells with higher dMycSuch a plastic system is exemplified by the phenome-
levels overproliferate at the expense of cells with lowernon known as “cell competition” (Morata and Ripoll,
levels, and thus no morphological alterations arise. Fi-1975; Simpson and Morata, 1981; Lawrence, 1992)
nally, we show that the different proliferation behaviorwhere clonal cell populations expand with differential
correlates with, and can be corrected by, the degree ofsuccess, depending on their genetic constitution re-
Dpp signal transduction. Together, our results providegarding ribosomal protein genes (Lambertsson, 1998).
evidence that dMyc can confer super-competitor prop-Cells with reduced ribosomal activity are eliminated by
erties to disc cells and suggest that deregulation ofapoptosis (Moreno et al., 2002a), but only if situated
its mammalian homologs may contribute to cancer byamongst cells with wild-type activity. Since extra com-
similar means. Our observations illustrate how emergingpensatory cell divisions occur to replace apoptotic cells
properties of cell groups cannot be predicted by analyz-during cell competition, the total number of cells in the
ing the behavior of isolated units but instead need to
be considered in the context of surrounding cells sharing
the same trophic environment.*Correspondence: basler@molbio.unizh.ch
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Figure 1. dmyc Mutant Cells Are Extruded
Basally through Cell Competition
(A–C) dmycP0 mutant wing cells upregulate
puckered (puc) transcription. A wing primor-
dium is shown in which mutant cells are
marked by the lack of GFP (green, A), wild-
type sibling clones express elevated levels of
GFP; puc expression (red, B) was monitored
by means of a puc-lacZ reporter (Martin-
Blanco et al., 1998). The merge of the two
images in (A) and (B) is shown to the right (C).
(D–F) dmycP0 mutant wing clones contain
cells exhibiting activated caspases. Mutant
cells are marked by the lack of GFP (green,
D). Caspase activation is revealed with an
antibody raised against human caspase-3
that recognizes the cleaved form of Drosoph-
ila caspase Drice (red, E). The merged image
is shown to the right (F).
(G–I) Basal extrusion of dmycP0 mutant cells.
Mutant cells are marked by the lack of GFP
(green, G). An optical z section of a wing
imaginal disc is shown, with anti-caspase-3
staining in red (H). Basal extrusion from epi-
thelia can be observed on both sides of the
lumen (arrows, I).
Results Closer examination of this process along the apical-
basal axis of the epithelium revealed that out-competed
cells are basally extruded (Figures 1G–1I). This observa-Competition between Wild-Type Cells and Cells
Expressing Reduced Levels of dMyc tion suggests that the prevalent mechanism by which
apoptotic cells are removed from imaginal discs is epi-Clones of cells mutant for the hypomorphic dmyc allele
dmycP0 grow poorly if situated among wild-type imaginal thelial extrusion rather than phagocytosis (Rosenblatt
et al., 2001).cells and are often lost from the disc epithelium (Johns-
ton et al., 1999). In contrast, dmycP0 mutant cells are
viable when situated among cells of the same mutant Competition between Wild-Type Cells and Cells
Expressing Elevated Levels of dMycgenotype (e.g., in dmycP0 mutant animals, which nor-
mally survive to adulthood), suggesting that their elimi- One potential interpretation of the above-described
experiment is that cell competition is brought about bynation from wild-type tissues is caused by the process
of cell competition (Morata and Ripoll, 1975; Simpson the apposition of cells exhibiting different levels of
dMyc, and that cells with lower levels are eliminated byand Morata, 1981).
Cell competition was first described for cells heterozy- cells with higher levels. However, it is also possible that
dmyc mutations severely compromise imaginal cellsgous for Minute mutations, which are thought to impair
ribosome biogenesis and hence protein synthesis (Lam- such that they are too weak to sustain clonal growth
and eventually die. A more compelling case for the viewbertsson, 1998). It has recently been shown that cell
competition relies on the upregulation of the JNK signal- that cells with different dMyc levels undergo cell compe-
tition would thus be a situation in which the out-com-ing pathway followed by programmed cell death (Mor-
eno et al., 2002a). JNK signaling can be monitored in peted cells are wild-type, but in competition with cells
expressing elevated levels of dMyc.Drosophila cells by determining the expression levels
of the gene puckered (puc), which encodes a JNK phos- The ability of Myc to activate in mammalian and Dro-
sophila cells both pol II- and pol III-transcribed genesphatase that forms part of a negative regulatory feed-
back loop (Martin-Blanco et al., 1998). We found that encoding various components of the protein synthetic
apparatus (Eisenman, 2001; Boon et al., 2001; Gomez-dmycP0 mutant cells in wild-type discs ectopically ex-
press puc (Figures 1A–1C) and that they also show evi- Roman et al., 2003; Orian et al., 2003) may lead to a
coordinate and global rise of protein synthesis in cellsdence of apoptosis through caspase activation (re-
vealed by anti-caspase-3 antibody [Baker and Yu, 2001; with elevated Myc levels. To test if such a situation
would prompt cell competition, we generated mosaicYu et al., 2002; Adachi-Yamada and O’Connor, 2002],
Figures 1D–1F). We interpret these observations as a animals in which cells that carry two, three, or four cop-
ies of the wild-type dmyc gene are apposed.first indication that normal levels of dMyc are required
in all imaginal disc cells to prevent cell competition. Using an X-chromosomal tandem duplication encom-
passing dmyc in combination with Flp-mediated mitoticDuring this and previous studies on cell competition,
we have never observed engulfment of apoptotic cells. recombination at the base of the X chromosome, we
dMyc Transforms Cells into Super-Competitors
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Figure 2. Cell Competition in Tissues Mosaic for Cells with Different Copy Numbers of the dmyc Gene
(A) Control twin clones which both express two copies of dmyc and are marked by either two or zero copies of the GFP transgene. Both
clones are of similar size.
(B) Experimental clones which either express four or two copies of dmyc and are marked by two or zero copies of the GFP transgene. The
4xdmyc clones are larger than the 2xdmyc clones.
(C) Control twin clones which both express four copies of dmyc and are marked by either two or zero copies of the GFP transgene. Both
clones are of similar size.
(D–F) Quantitative analysis of clone sizes. (D) 16 clones like the ones described in (A) were analyzed by outlining their contours and measuring
the number of pixels within the contour lines (8 2xGFP clones and 8 0xGFP siblings). The average values of 5989 pixels/clone and 6419 pixels/
clone are plotted. The Mann-Whitney test showed that there is no significant difference in clone size between the two classes (p  0.916,
Z  0.105). There is a significant size difference, however, between the 2xdmyc/0xGFP clones in D versus those in E (p  0.012, Z 2.469).
(E) Twenty-four clones like the ones described in (B) were analyzed (12 4xdmyc and 12 2xdmyc siblings). The average values of 14206 pixels/
clone and 3043 pixels/clone are plotted. The Mann-Whitney test showed that there is a significant difference in clone size between the two
classes (p  0.000, Z  3.522). (F) Eighteen clones like the ones described in (C) were analyzed (9 2xGFP clones and 9 0xGFP siblings).
The average values of 5271 pixels/clone and 5801 pixels/clone are plotted. The Mann-Whitney test showed that there is no significant
difference in clone size between the two classes (p  0.825, Z  0.221). There is a significant size difference, however, between the 4xdmyc/
2xGFP clones in (F) versus those in (E) (p  0.004, Z  2.843). These 4xdmyc/2xdmyc experiments were also analyzed by counting cell
numbers in clones rather than area of clones (and also with a reversed arrangement of markers) and yielded essentially the same results (not
shown). This indicates that the different clone sizes of 4xdmyc and 2xdmyc cells do not simply reflect differences in cell size. In our quantitative
image analysis, we measured average cell sizes of 66,46 pixels/cell (for 4xdmyc cells), 63,67 pixels/cell (for 3xdmyc cells), and 63,58 pixels/
cell (for 2xdmyc cells).
generated sibling clones composed of cells with four or 4xdmyc cells only overproliferate when surrounded by
cells with fewer copies of dmyc.two copies of the endogenous dmyc gene (see Experi-
mental Procedures). Since these paired clones are de- The use of a tandem duplication to create cells with
increased gene expression has several advantages overrived from the same recombination event, and are thus
always of the same age, their relative growth can be transgenic approaches, such as faithfulness in tran-
scriptional regulation and defined moderate changesdirectly compared.
We observed that the clones of cells homozygous for in transcriptional levels. This system bears a potential
caveat, however, as the tandem duplication coveringthe tandem duplication of dmyc (referred to as 4xdmyc)
were significantly larger than their wild-type sibling dmyc (Dp(1;1)Co) harbors about a dozen additional
genes, and their increase in copy number might contrib-clones (with two copies of dmyc, referred to as 2xdmyc
clones, Figures 2B and 2E; see legend for quantitative ute to the competition behavior of 4xdmyc clones. To
address this possibility, we generated a new set ofand statistical analyses). Interestingly, the 4xdmyc
clones were also larger than control clones that were clones homozygous for a derivative of Dp(1;1)Co in
which one of the two dmyc genes was inactivated (seeinduced simultaneously in different animals in which all
cells carried four copies of dmyc (Figures 2C and 2F). Experimental Procedures). Such control cells failed to
out-compete surrounding cells, indicating that the am-Likewise, the 2xdmyc clones were not only smaller than
their 4xdmyc siblings, but also smaller than control plification of dmyc copies is essential for homozygous
Dp(1;1)Co cells to overproliferate.2xdmyc clones growing in a background where all cells
had two copies of dmyc (Figures 2A and 2D). These To support our assumption that the heritable differ-
ence of dmyc expression alone is responsible to causeobservations demonstrate that clonal growth depends
on the properties of the cellular environment. The competition in the above-described system, we created
Cell
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Figure 3. Wild-Type Cells Are Out-Competed by Cells with Elevated dmyc Expression
(A) Clones of GFP-marked wild-type cells (white), generated in a tubdmyc genetic background, gradually disappear. Twenty-four hours after
induction, small clones are scattered throughout the wing imaginal tissue. Forty-eight hours after induction, most clones have disappeared
from the center of the wing primordium, only a few persist in the periphery. After 72 hr, all clones have disappeared.
(B) Wild-type cells marked with a UAS-GFP reporter in a wild-type disc as a control.
an independent second genetic setup in which wild- dMyc. We interpret the absence of tissue deformation as
an indication that cells with more dMyc overproliferate attype cells are confronted with cells expressing extra
dMyc. A transgene was used that drives a dmyc cDNA the expense of surrounding cells with less dMyc.
from the ubiquitously active promoter of the tubulin1
(tub) gene. The composition of the transgene (tub dMyc-Induced Proliferation Depends on Full
dmycGal4) allowed the Flp recombinase-mediated Strength Ribosome Biogenesis
generation of Gal4-expressing cells that are wild-type As mentioned above, several studies have implicated
regarding dmyc expression. These cells were marked genes encoding components of the protein synthesis
by the use of a UAS-GFP reporter. Clones of such GFP- machinery as targets for Myc regulation, including sev-
positive wild-type cells were eliminated (Figure 3A) in eral ribosomal protein genes (Eisenman, 2001; Boon et
a spatial and temporal pattern characteristic for cell al., 2001; Gomez-Roman et al., 2003; Orian et al., 2003).
competition: they were lost first in the center of the wing Hence it is likely that dMyc enables cells to prevail in
primordium and subsequently in the periphery where competitive situations by promoting protein synthesis.
competition is weaker (Simpson, 1979; Moreno et al., To further explore this assumption, we carried out a
2002a). Control clones that expressed similar levels of genetic epistasis experiment in which 4xdmyc cells were
Gal4 and GFP, but were not surrounded by tubdmyc generated that were at the same time heterozygous for
cells, survived normally (compare Figure 3A with Figure the ribosomal protein gene M(2)60E and therefore lim-
3B). Together, these experiments show that a heritable ited in their translational capacity. This gene encodes
increase in dMyc levels—either by gene duplication or RpL19 and is a conserved target for Myc proteins in
a heterologous promoter—confers an advantage to Drosophila (Orian et al., 2003), rats (Guo et al., 2000),
imaginal cells with the consequence that they out-com- and humans (Fernandez et al., 2003; Li et al., 2003).
pete cells with lower levels of dMyc. 4xdmyc M(2)60E/ clones were no longer able to out-
compete surrounding cells and were even eliminated
(Figure 5A). This is consistent with the notion that ribo-4xdmyc Clones Expand without Morphological
somal proteins act downstream of dMyc and that theAlterations but at the Expense of Cells
ability of dMyc to confer a competitive advantage towith Lower Levels of dMyc
cells is dependent on a maximally active protein synthe-We next analyzed 4xdmyc and 2xdmyc clones in the
sis machinery.adult to determine if their deviant proliferation behavior
causes morphological alterations. Neither the 4xdmyc
clones nor the few surviving 2xdmyc clones were ob- dMyc-Induced Cell Competition Relies
on the Killing of Wild-Type Cellsserved to cause tissue or organ deformations (Figures
4A and 4C). We also determined the size of such clones To analyze how 4xdmyc clones grow at the expense of
cells with fewer copies of dmyc, we asked if apoptosisby counting bristles in the notum and found that 4xdmyc
clones contained significantly more bristles than of surrounding cells contributes to the overproliferation
behavior of such clones. Sibling 4xdmyc and 2xdmyc2xdmyc clones (Figure 4B). This observation reinforces
the notion of a hierarchy during cell competition, in clones were induced in discs in which half of the cells,
those of the posterior compartment (“P”), were pro-which cells with more dMyc out-compete cells with less
dMyc Transforms Cells into Super-Competitors
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Figure 4. dMyc-Promoted Cell Competition Causes No Morphological Aberrations in Adults
(A) Half of the thorax is occupied by a 4xdmyc clone (genetically marked with yellow, white contour line) growing in a background with fewer
copies of dmyc. No morphological alterations are apparent.
(B) Twenty clones were measured in adults, 10 of the genotype in (A) and 10 of the phenotype in (C). Clones with four copies of dmyc contained
23,9 bristles in average whereas clones with two copies contained 4,9 bristles in average. The Mann-Whitney test showed that there is a
significant difference in clone size between the two classes (p  0.000, Z  3.753).
(C) 2xdmyc clones (genetically marked with forked, arrows) were induced in a background with more copies of dmyc. Such clones survived
poorly in the periphery of head and thorax. No morphological alterations were observed (apart from those caused by the marker mutation forked).
grammed to express Puc and p35, a combination of caspases are important steps for wild-type cells to be
out-competed by cells expressing higher levels of dMyc.inhibitors that we have previously observed to be the
most effective means to block apoptosis. In the anterior
compartment (“A”), which served as a control, 2xdmyc Relief of Competition by Extracellular Factors
From the results presented so far, it can be concludedclones grew significantly smaller than their 4xdmyc
twins (Figures 5B–5D) or were even lost, consistent with that wing imaginal disc cells expressing dMyc at higher
levels than their neighbors compete and proliferate morethe results obtained above. In the P compartment, where
apoptosis was suppressed, such 2xdmyc clones were successfully. This behavior relies in part on the ability
of dMyc high expressors to elicit programmed cell deathless affected and grew larger (Figures 5B–5D). The op-
posite behavior was observed for the 4xdmyc clones; in low expressors and on the ability of dMyc to stimulate
protein synthesis. One possible mechanism cells couldthese grew less in the P compartment than in the A
compartment (Figures 5B–5D). In a control experiment, use to compare their relative dMyc levels is information
exchange via direct cell-cell communication. An alterna-we found that blocking apoptosis did not affect prolifera-
tion rates of 2xdmyc cells in a homotypic environment tive explanation is that cells compete—with differential
success—for limiting amounts of extracellular factors(Figure 5E). Hence we infer that one mechanism by
which cells with higher dMyc levels achieve overprolifer- by actively internalizing them. Since we presently lack
evidence to support the first hypothesis, but have pre-ation is by causing apoptosis of cells with lower dMyc
levels. viously observed a situation supporting the latter (Mor-
eno et al., 2002a), we further explored the relationshipConsistent with this conclusion, we found that the
elimination of wild-type cells by tubdmyc-expressing between dMyc levels and the capacity of cells to inter-
nalize and transduce survival signals.cells was accompanied by and depended on the activa-
tion of caspases in out-competed cells (Figures 6A–6C). First, we stimulated endocytosis in out-competed
wild-type cells by overexpression of Rab5, a smallThe levels of activated caspases increased as such cells
were extruded basally (Figure 6D). Expression of the GTPase that drives the formation of clathrin-coated ves-
icles and their subsequent fusion with early endosomesbaculovirus caspase inhibitor p35 in the clones of wild-
type cells significantly reduced their elimination (Figure (Bucci et al., 1992; Zerial and McBride, 2001). This led to
a remarkable reversion of the proliferation and survival6E) and basal extrusion (Figure 3H). It could not, how-
ever, block caspase activation (Figures 6F–6H), consis- deficits of cells surrounded by tubdmyc-expressing
cells (Figure 7). We then explored whether individualtent with an inhibitory action of p35 subsequent to zymo-
gen cleavage (Yu et al., 2002). Expression of dIAP1, signaling pathways could mediate this shift in the bal-
ance between death and survival during cell competi-which completely blocks JNK-dependent apoptosis
(Moreno et al. 2002b) and which acts upstream of cas- tion. Several extracellular factors have been proposed
to promote survival of wing cells, Wingless (Zecca et al.,pases (Hay et al., 1995; Wang et al., 1999; Goyal et
al., 2000), prevents cell elimination as well as caspase 1996; Neumann and Cohen, 1997), EGF (Diaz-Benjumea
and Hafen, 1994; Prober and Edgar, 2000), insulin (Bo¨hniactivation (Figures 6I–6L). Best protection of wild-type
cells was achieved by forced expression of the JNK et al., 1999), and Dpp (Burke and Basler, 1996; Martin-
Castellanos and Edgar, 2002). We tested each of thesephosphatase Puc (Figures 6M–6P). Like expression of
dIAP1, Puc blocked basal extrusion as well as caspase signals for the ability to prevent cell elimination. To stim-
ulate their respective transduction pathways specificallyactivation (Figures 6M–6P). Together, these results indi-
cate that the sequential enzymatic activities of JNK and in the out-competed cells, we induced in such cells the
Cell
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Figure 5. Competition by 4xdmyc Cells Is Dependent on Maximal Protein Synthesis and Assisted by Apoptosis of Surrounding Cells
(A) Clones of 4xdmyc cells (bright green) that are simultaneously heterozygous mutant for M(2)60E, which encodes ribosomal protein RpL19.
Such clones no longer out-compete surrounding cells and instead are even less abundant and smaller than 2xdmyc clones. The 2xdmyc cells
generated in this experiment have three copies of the M(2)60E gene; however, as shown previously, such an increase of M(2)60E copies has
no effect on the proliferation rate or the competitive behavior of such cells (Simpson, 1979).
(B and C) 4xdmyc/2xdmyc sibling clones (GFP marked in green) in discs in which apoptosis is suppressed in the posterior compartment (“P,”
red: anti-Engrailed staining in [C]). Note the relatively large 2xdmyc clone (lack of GFP marker) and relatively small 4xdmyc clone (bright green)
in the P compartment, where apoptosis is blocked by expression of a UAS-puc and a UAS-p35 transgene.
(D) Twenty-eight clones were measured in the genetic background of (B) and (C). In the anterior compartment (“A,” to the left of dashed line),
4xdmyc clones grew considerably more than in the posterior compartment (“P,” to the right of dashed line). Average clone sizes were 25330
pixels (seven 4xdmyc clones in “A”) versus 14068 pixels (seven 4xdmyc clones in “P”). Significance by Mann-Whitney test: p  0.025, Z 
2.236. In contrast, 2xdmyc siblings hardly survived in the A compartment but grew readily in the P compartment. Average clone sizes were
913 pixels (seven 2xdmyc clones in “A”) versus 6620 pixels (seven 2xdmyc clones in “P”). Significance by Mann-Whitney test: p  0.003,
Z  3.003. The size differences of 4xdmyc/2xdmyc twins in the A compartment and the size differences of 4xdmyc/2xdmyc twins in the P
compartment were also subjected to a Mann-Whitney test and confirmed to be of significant difference, with p  0.017 and Z  2.364.
(E) A control experiment where clones with two copies of dmyc, either marked by lack of GFP or extra GFP, but all wild-type, were analyzed
in a background where apoptosis was blocked in the posterior compartment as in (D). All clones grew similarly, whether in the A or the P
compartment (the Kruskal-Wallis test shows that there is no significant size difference between the four classes, p  0.531, chi-square 
2.206). The size differences of 2xdmyc/2xdmyc twins in the A compartment and the size differences of 2xdmyc/2xdmyc twins in the P
compartment were subjected to a Mann-Whitney test and confirmed not to be of significant difference, with p  0.338 and Z  0.958.
expression of constitutively active forms of Armadillo gest that Dpp is the strongest cell survival signal in the
wing and that endocytic uptake of Dpp might promote(ArmS10; Pai et al., 1996), Ras (RasV12; Fortini et al., 1992),
PI3 kinase (Dp110CAAX; Leevers et al., 1996), and the type Dpp signaling and cell competition. In support of this
hypothesis, we found that overexpression of Rab5 canI receptor Tkv (TkvQD; Nellen et al., 1996) (Figure 7). While
no rescue was obtained by stimulating the Wingless cause a transcriptional upregulation of the Dpp target
gene spalt (Figures 8A–8C).pathway, we did observe some survival of cell clones by
activating the EGF and insulin pathways. This rescuing
activity was low, however, as clones only survived in Reduced Dpp Transduction
in Out-Competed Cellsthe periphery of the wing disc where cell competition is
weak. Best rescue was obtained by activating the Dpp The assumption that cells with lower relative dMyc levels
compete ineffectively for limiting amounts of Dpp raisespathway, as TkvQD-expressing cell clones survived expo-
sure to tubdmyc cells for at least 90 hr (Figure 7). the prediction that such cells exhibit a decrease (or
increase) of target genes normally induced (or re-Confirmation of this result was obtained by two addi-
tional means of increasing Dpp signaling, overexpres- pressed, respectively) by Dpp. Indeed we found that
wild-type cells surrounded by tubdmyc cells expresssion of Dpp itself and of its type II receptor Punt (Figure
7). Moreover, we found that the constitutive activation reduced levels of the Dpp target gene spalt (Figures
8G–8I) and occasionally also elevated levels of the Dpp-of the Dpp pathway prevents activation of caspases
(Figures 8D–8F) and basal extrusion of wild-type cells repressed gene brinker (brk) (Figure 8J–8L). Even in our
other two settings where cells with different levels ofsituated amongst tubdmyc cells. These results sug-
dMyc Transforms Cells into Super-Competitors
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Figure 6. Elimination of Wild-Type Cells by
tubdmyc-Expressing Cells Is Caused by,
and Depends on, Apoptosis and JNK Sig-
naling
(A–D) Wild-type clones in a tubdmyc back-
ground contain cells with activated caspases.
Wild-type clones are marked by the expres-
sion of GFP (green, A), and caspase activation
is revealed with an antibody against activated
caspase-3 (red, B); (C) merge of the two im-
ages. (D) Optical z section of clones in (A)–(C).
The levels of active caspases are stronger in
the cell with a more basal position.
(E–H) Wild-type clones expressing p35 in a
tubdmyc background. Wild-type cells ex-
press both a UAS-GFP and a UAS-p35 trans-
gene. (H) Optical z section of clones in (E)–(G).
Cells with high levels of active caspases are
not basally extruded.
(I–L) Wild-type clones overexpressing dIAP1
in a tubdmyc background. Wild-type cells
express both a UAS-GFP and a UAS-dIAP1
transgene. (L) Optical z section of clones in
(I)–(K). dIAP1-expressing cells do not contain
activated caspases and are not basally ex-
truded.
(M–P) Wild-type clones overexpressing puc
in a tubdmyc background. Wild-type cells
express both a UAS-GFP and a UAS-puc
transgene. (P) Optical z section of clones in
(M)–(O). Puc-expressing cells do not contain
activated caspases and are not basally ex-
truded.
dmyc compete, i.e., the dmycP0 and the 4xdmyc/2xdmyc ent levels of dmyc invariably results in the same out-
come: cells with lower levels are eliminated. In each ofmosaics, we can detect a partial upregulation of brk
expression in the dmycP0 and 2xdmyc cells, respectively the three cases, the cells with lower dmyc levels would
have been viable and would have contributed normally(Figures 8M–8R). In combination with the recent demon-
stration that brk is an immediate target of transcriptional to adult tissues if surrounded by cells of equivalent ge-
notype. The same behavior has previously been ob-repression by the Dpp signal transduction pathway
(Mu¨ller et al., 2003), these observations support the hy- served in mosaics of wild-type and Minute mutant cells
and is referred to as cell competition (Morata and Ripoll,pothesis that dMyc out-competed cells transduce insuf-
ficient levels of Dpp. Finally, both activation of caspases 1975; Simpson and Morata, 1981; Lawrence, 1992). All
Minute genes that have been molecularly analyzed soand upregulation of brk could be blocked by overexpres-
sion of Rab5 (Figures 8S–8X), suggesting that a lower far encode structural components of the ribosome. Het-
erozygous Minute mutant cells, therefore, have a lowerrate of endocytosis may contribute to the diminished
Dpp signaling and subsequent apoptosis of out-com- rate of protein synthesis (Lambertsson, 1998). Raising
the copy number or expression level of a Minute genepeted cells.
above wild-type has no effect on survival or proliferation
properties of imaginal cells (Simpson, 1979). On the con-Discussion
trary, we find that an increase in dMyc expression above
wild-type transforms cells into super-competitors. SuchOverexpression of myc protooncogenes has been impli-
cated in the genesis of many human tumors. Myc pro- cells out-compete wild-type neighbors that are not com-
promised by any genetic means. A likely explanation forteins seem to regulate diverse biological processes, but
their mechanistic role in tumorigenesis is poorly under- this difference relates to the position Myc assumes in
the hierarchy controlling protein synthesis. The abilitystood. Here we report a series of observations which
indicate that the apposition of cells exhibiting unequal of Myc to activate a variety of genes encoding compo-
nents of protein synthesis pathways (Eisenman, 2001;levels of Myc protein elicits a win/lose situation reminis-
cent of cell competition; cells with higher levels of Myc Boon et al., 2001; Gomez-Roman et al., 2003; Orian et
al., 2003) indicates that it may have the capacity toappear to compete more effectively for limiting amounts
of survival factors, causing an imbalance in proliferation stimulate protein translation in a coordinate manner. The
common denominator, then, of classical cell competi-and survival in their favor and at the expense of cells
expressing lower levels of Myc. tion in Minute mosaics and that elicited by different
levels of dMyc appears to be the apposition of cells
with unequal rates of protein synthesis. While this ratedMyc Transforms Cells into Super-Competitors
In three situations designed and examined here, the decreases by reducing either Minute or dmyc expres-
sion, it is not normally limited by Minute levels (Simpson,apposition of imaginal cells that heritably express differ-
Cell
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Figure 7. Cell Competition Rescuing Assay
Clones of wild-type cells marked with UAS-
GFP (white) are generated in a tubdmyc
background and monitored for survival when
different pathways are activated by UAS con-
structs encoding constitutively active com-
ponents (listed to the left). Clones were in-
duced in parallel with similar frequencies and
then monitored at three time points (48, 72,
or 90 hr after induction). Each transgene was
tested separately to confirm its ability to in-
duce the respective pathway (not shown).
The two panels of the UAS-Dpp rescue show-
ing discs at 72 and 90 hr after clone induction
were taken at a magnification 4 lower com-
pared to all other panels in this figure, owing
to the overgrowth caused by ectopic Dpp ex-
pression.
1979). Only in Minute heterozygous mutant cells are Super-Competition and the Killing
of Surrounding Cellsthese levels limiting and will extra Minute expression
cause extra protein synthesis. The product levels of We have previously shown that cells with reduced Mi-
nute levels are purged from imaginal epithelia by pro-dmyc, however, appear to be limiting in a wide range
of situations, and their increase appears to enhance grammed cell death (Moreno et al., 2002a). Here we find
that cells with lower dmyc levels also die by apoptosisprotein synthesis even in otherwise wild-type cells. Con-
sistent with this view, we find that dMyc loses its ability and that in the course of doing so they are basally ex-
truded from the epithelium. In both cases, apoptosis isto confer super-competitor properties to dmyc-overex-
pressing cells if the protein synthesis machinery is con- preceded by, and dependent on, the upregulation of
JNK signaling. Interestingly, we observe in our 4xdmyc/comitantly weakened.
dMyc Transforms Cells into Super-Competitors
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Figure 8. The Dpp Signal Transduction Path-
way in Cell Competition
(A–C) Elevated levels of Rab5 expression
cause an upregulation of the Dpp target gene
spalt. (A) Gal4-expressing clones driving
UAS-Rab5 are marked with a UAS-GFP trans-
gene (in green). (B and C) anti-Spalt antibody
staining reveals ectopic spalt expression in
regions of Rab5 overexpression (arrow-
heads). Merged images of each row are
shown to the right.
(D–F) Activation of the Dpp pathway blocks
caspase activation. (D) Wild-type clones in a
tubdmyc background (marked with GFP in
green) that express a UAS-tkvQD transgene.
(E) Caspase activation as revealed with the
antibody against activated human caspase-3
(red).
(G–I) Wild-type cells in a tubdmyc back-
ground (marked with GFP in green) exhibit
lower levels of spalt expression (revealed with
an anti-Spalt antibody in red).
(J–L) Some of the wild-type cells in a tub
dmyc background (green) show upregulated
brinker (brk) expression (revealed with a brk-
lacZ transgene in red).
(M–O) dmycP0 mutant cells upregulate brk.
Homozygous dmycP0 cells are marked by lack
of GFP (green); brk expression is revealed
with a brk-lacZ transgene (red).
(P–R) 2xdmyc cells partially upregulate brk
when confronted with 4xdmyc cells. A clone
of 2xdmyc cells (lack of GFP marker) adjacent
to a 4xdmyc clone (bright green) shows
upregulated expression of brk-lacZ (red).
(S–U) Overexpression of Rab5 within out-
competed clones blocks caspase activation.
(S) Wild-type cells (green) in a tubdmyc
background; these cells express a UAS-Rab5
transgene; (T) caspase activation as revealed
with the anti-caspase-3 antibody (red).
(V–X) Overexpression of Rab5 within out-
competed cells blocks upregulation of brk ex-
pression. (V) Wild-type clones (green) in a
tubdmyc background; these cells express
a UAS-Rab5 transgene; (W) brk expression
as revealed with a brk-lacZ transgene (red).
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2xdmyc setting that such JNK- and caspase-mediated if deprived of Dpp input (e.g., Burke and Basler, 1996).
Finally, Dpp is only present in a limiting supply, as excesscell death is important for the overproliferation of
4xdmyc cells. In regions where these two pathways are Dpp results in overgrown discs (e.g., Nellen et al., 1996)
while a reduction of Dpp has the opposite effect (Spen-blocked, 4xdmyc cells proliferate less. Because apopto-
sis of 4xdmyc cells is very unlikely to contribute to their cer et al., 1982; Zecca et al., 1995).
Based on these arguments, we interpret the Rab5-,overproliferation behavior, it must be the death of sur-
rounding cells that allows super-competition to occur. TkvQD-, and Dpp-mediated rescue of cells expressing
substandard dMyc levels as an indication that withoutThis conclusion is further supported by our observation
that tubdmyc cells gradually kill and replace wild- such measures, these cells would not be able to capture
and transduce enough Dpp survival factor. An alterna-type cells.
It should be noted, however, that in an apoptosis- tive interpretation would be that stimulation of endocy-
tosis and/or Dpp transduction causes an upregulationsuppressed environment, 4xdmyc cells still have a prolif-
eration advantage if surrounded by cells expressing of dmyc expression, which in turn reduces or eliminates
the deficit in dMyc levels vis-a`-vis those of surroundinglower levels of dmyc. Additional mechanisms must con-
tribute therefore to super-competition (see below). Nev- cells. We find this latter explanation less likely for the
following two reasons: (1) Using quantitative RT-PCR,ertheless, the behavior of dMyc-overexpressing cells
reveals a novel mode of clonal expansion that causes, we detect two- to three-fold higher dmyc transcript lev-
els in tubdmyc cells versus wild-type cells, but findand largely depends on, the killing of surrounding cells.
no increase in dmyc expression in discs ubiquitously
expressing TkvQD (data not shown). (2) When surroundedSuper-Competition and the
by cells with elevated dMyc levels, wild-type cells exhibit“Ligand-Capture” Hypothesis
reduced spalt and increased brk expression. Rab5 over-How could protein synthesis levels impinge on cell com-
expression re-establishes the normal activities of thesepetition? The notion that cells with a higher biometabo-
genes. It is unlikely, however, that this restoration islism gain an advantage by more efficiently acquiring
mediated by elevated dmyc expression. Reduced Dppand/or internalizing extracellular ligands is only one of
signaling in cell clones is known to induce programmedseveral possibilities to explain super-competition. It gains
cell death (Burke and Basler, 1996; Martin-Castellanospersuasiveness over other explanations by simultane-
and Edgar, 2002; Adachi-Yamada and O’Connor, 2002).ously accounting for two key features of dMyc-induced
Hence we take the deregulated expression of the Dppcell competition: (i) competition only occurs when two
targets spalt and brk in out-competeted cells as an indi-populations of cells with different relative expression
cation that these cells cannot obtain enough Dpp ligand.levels are confronted, and (ii) success in competition of
Since extracellular Dpp is primarily located apically (Ent-one population is accompanied by death in the other.
chev et al., 2000; Gibson et al., 2002), the basal extrusionIn its simplest form, the ‘ligand-capture’ hypothesis
of out-competed cells may aggravate ligand deprivation,assumes (i) that the ligand is in limiting supply and (ii)
potentially serving as a mechanism to amplify differ-that it represents a survival signal; from these two con-
ences in survival factor availability. While our attentionjectures it follows that its partial withdrawal triggers
has focused here largely on Dpp, our results suggestapoptosis. If the ligand(s) for which cells compete are
that the signaling conditions for other pathways, suchnot limiting, a cell-cell communication system would have
as those of EGF and insulin, also affect, and may beto ensure that cells can inform—and kill—each other
affected by, cell competition.based on the relative degree of ligand transduction.
As described above, we still observe some cell com-Experimental support for a simple ligand-capture sce-
petition when apoptosis is blocked globally, indicatingnario, in which dMyc levels positively affect the ability
that withdrawal of survival factors by super-competitorsof a cell to take up and transduce Dpp, can be derived
does not fully account for their success in clonal growth.from the observations that a relative deficit in dMyc can
If we view Dpp as the most critical factor for which cellsbe compensated for by excess Rab5 expression or extra
struggle during dMyc-triggered competition, one mightDpp transduction. However, we have neither demon-
postulate the existence of a Dpp-independent mecha-strated that increased dMyc or Rab5 levels enhance
nism that confers an advantage to dMyc overexpres-Dpp uptake, nor that such enhanced internalization of
sors. A unifying alternative would be, however, if DppDpp would increase its transduction inside and locally
not only functions as a survival factor but also as areduce its concentration outside the cell. Rather, our
growth factor. Support for such a role can be derivedevidence is only indirect and correlative in that overex-
from the outcome of Dpp overexpression experiments,pression of Rab5, as well as stimulation of the Dpp signal
in which imaginal discs contain significantly more cellstransduction pathway, rescues wild-type cells from be-
than when apoptosis is blocked. Different degrees ofing eliminated by surrounding cells with elevated dMyc
Dpp transduction elicited by different dMyc levels mightlevels. Rab5 plays a central role in endocytosis (Bucci
therefore not only translate into different survival proper-et al., 1992; Zerial and McBride, 2001) and there is accu-
ties but to some extent also into different growth rates.mulating data suggesting that certain signaling com-
plexes are transported to endosomal compartments for
transduction to proceed (McPherson et al., 2001). In- Super-Competition and Cancer
Cell competition may only play a minor role during nor-deed, Rab5 has been implicated as a rate-limiting com-
ponent in endocytic trafficking and signaling of Dpp mal development of multicellular organisms. It has been
proposed to function as a quality control mechanism to(Entchev et al., 2000). The notion that Dpp functions
as a survival factor in imaginal discs is supported by assess the vigor among cells of an organ, thus selecting
“strong” over “weak” members (Moreno et al., 2002a;numerous studies showing that disc cells are eliminated
dMyc Transforms Cells into Super-Competitors
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were subjected to a second heat shock of 1 hr at 38	C and allowedAbrams, 2002; Milan, 2002). Our observations, however,
to recover for 2 hr before dissection.that a two-fold increase in dMyc expression elicits all
4xdmyc/2xdmyc Sibling Cloneshallmarks of cell competition raises the disturbing possi-
Larvae of genotype y w Dp(1;1)Co hsp70-GFP hsp70-flp FRT18A/
bility that this mode of proliferation may foster cellular FRT18A were subjected to a heat shock of 20 min at 37	C 48 to 72
expansion of early premalignant lesions before morpho- hr after egg laying. To obtain control 4xdmyc clones in a 4xdmyc
logical alterations are detectable. A gene duplication background, larvae of the genotype y w Dp(1;1)Co hsp70-GFP
hsp70-flp FRT18A/y w Dp(1;1)Co hsp70-flp FRT18A were used. Toevent, a translocation, or some other means of causing
obtain control 2xdmyc clones in a 2xdmyc background, larvae ofheritable overexpression of a human myc family member
the genotype y w hsp70-GFP hsp70-flp FRT18A/FRT18A were used.may help an originally transformed cell to successfully
Dp(1;1)Co Control Clones
establish its descendants within an epithelial cell group. To inactivate one copy of dmyc in the tandem duplication Dp(1;1)Co,
If such super-competitor cells behave like those in Dro- the mycPG45 allele was recombined with Dp(1;1)Co. mycPG45 harbors
sophila, their expansion would occur at the expense a lethal P element insertion marked with white (Bourbon et al.,
2002), whose lethality can be rescued by the tubdmycGal4 trans-of surrounding cells and hence not be detectable by
gene. Larvae of genotype y w Dp(1;1)Co mycPG45 hsp70-GFP hsp70-morphological examination. Further oncogenic muta-
flp FRT18A/FRT18A were subjected to a heat shock of 20 min attions in this epithelial tissue are then more likely to occur
37	C 48 to 72 hr after egg laying.in cells that already exhibit deregulated myc expression.
Wild-Type Clones in a tubdmyc Background
This scenario is strikingly reminiscent of, and may ex- Larvae of genotype y w hsp70-flp; tubdmycGal4; UAS-GFP with
plain, the clinical finding termed “field cancerization” or without UAS-dmyc were heat shocked for 15 min at 37	C and
(Slaughter et al., 1953), in which a field of cells of mono- dissected after 24, 48, or 72 hr. Control clones were obtained by
applying the same regime to larvae of the genotype y w hsp70-flp;clonal origin is associated with a proliferative advantage
actin5cCD2Gal4; UAS-GFP. The tubdmycGal4 construct wasand expands at the expense of normal tissue. Initially,
generated essentially like the tubulin1lgsGal4 transgeneneither invasive growth nor aberrant histology are pres-
(Kramps et al., 2002) based components described previously
ent; but as the field becomes larger, additional genetic (Zecca et al., 1995). The tubdmycGal4 transgene causes no mor-
hits give rise to various subclones that eventually evolve phological alterations and can rescue lethal dmyc alleles.
into primary and “second field tumors” that share a Adult 4xdmyc/2xdmyc Clones
Larvae of the genotype y w Dp(1;1)Co hsp70-GFP hsp70-flpcommon clonal origin (Braakhuis et al., 2003).
FRT18A/FRT18A were subjected to a heat shock of 25 min at 37	COur hypothesis as to the way by which increased
48 to 72 hr after egg laying. 4xdmyc clones were scored by the lackdMyc levels confer a proliferation advantage may pro-
of the yellow marker gene. To score the 2xdmyc clones, animals ofvide a mechanistic explanation for how protein synthesis
the genotype y w Dp(1;1)Co hsp70-GFP, hsp70-flp FRT18A/y w f36a
rates could relate to cancer: cells with an enhanced FRT18A were used, in which the 2xdmyc clones were marked by
translational capacity might compete more successfully the forked phenotype.
than surrounding cells for the active uptake of extracel- 4xdmyc Clones with Reduced RpL19 Levels
Males of genotype T(1;2)scS2 FRT18A/FM6/CyO were crossed to y wlular survival and growth factors, and in doing so may
Dp(1;1)Co hsp70-GFP, hsp70-flp FRT18A females to induce markedexpand within the community by killing or attenuating
clones in discs. The key element in this genetic setup is T(1;2)scS2,normal cells. Although myc oncogenes are thought to
which transfers a wild-type copy of the M(2)60E gene (encoding
act only in concert with other genetic alterations, our RpL19) to the first chromosome while the second chromosome of
results indicate that at least in imaginal epithelia of Dro- the translocation lacks the M(2)60E gene. A somatic recombination
sophila the quantitative difference in Myc levels alone event between the first chromosomes in female progeny produces
a cell that loses the transposed copy of M(2)60E and thereforeis sufficient to alter clonal performance. Furthermore,
becomes heterozygous for M(2)60E while at the same time it ac-the analogy of our findings to Minute mosaics suggests
quires four copies of dmyc. Larvae were subjected to a heat shockthat other genetic events that stimulate the protein syn-
of 20 min at 37	C 48 to 72 hr after egg laying.thesis machinery should not only enhance cell growth,
4xdmyc/2xdmyc Clones in Discs Expressing p35 and Puc
as previously assumed (Kozma and Thomas, 2002), but in P Compartment Cells
also promote cell competition as a novel mechanism Larvae of genotype y w Dp(1;1)Co hsp70-GFP, hsp70-flp FRT18A/
for clonal expansion. Indeed, activation of protein syn- FTR18A; hh-Gal4 UAS-p35/UAS-puc were subjected to a heat shock
of 20 min at 37	C 48 to 72 hr after egg laying. For control clones,thesis is emerging as a major contributory factor in can-
larvae of genotype y w hsp70-GFP hsp70-flp FRT18A/FRT18A; hh-cer development (Ruggero and Pandolfi, 2003). Transla-
Gal4 UAS-p35/UAS-puc were subjected to the same heat shocktion initiation and elongation factors can also act as
treatment.
oncogenes (Anand et al., 2002). Likewise, the prominent Wild-Type Clones in a tubdmyc Background that Express
presence of upregulated components of the protein syn- Effector Transgenes
thetic apparatus found in the gene expression signature To induce marked wild-type clones in a tubdmyc background that
express p35, Puc, or dIAP1, y w hsp70-flp; tubdmycGal4; UAS-of tumors with high metastatic potential (Ramaswamy
GFP females were crossed to males containing UAS-p35 (Hay et al.,et al., 2002) may be explained by success in cell compe-
1994), UAS-puc (Martin-Blanco et al., 1998), or EP-dIAP1 transgenestition during tissue invasion. The ability of advanced
(Moreno et al., 2002b), respectively. Larvae of these genotypes weretumors to metastasize may thus be linked to the same
subjected to a heat shock of 15 min at 37	C and discs were dissected
early event conferring a Darwinian advantage to primary 72 hr later. To induce marked wild-type clones in a tubdmyc back-
tumors (Bernards and Weinberg, 2002). ground that express activated signaling components, y w hsp70-
flp; tubdmycGal4; UAS-GFP females were crossed to males con-
taining the following transgenes: UAS-rab5 (Entchev et al., 2000),Experimental Procedures
UAS-armS10 (Pai et al., 1996), UAS-wg (Zecca et al., 1996), UAS-
rasV12 (Fortini et al., 1992), UAS-
top (Queenan et al., 1997), UAS-Generation of Marked Clones
Dp110CAAX (Leevers et al., 1996), UAS-tkvQD (Nellen et al., 1996),dmycP0 Mutant Clones
UAS-dpp (Ruberte et al., 1995), and UAS-punt (Ruberte et al., 1995).Larvae of genotype dmycP0 FRT18A/hsp70-GFP hsp70-flp FRT18A
Larvae of all genotypes were subjected to a heat shock for 15 minwith or without puc-lacZE69 were subjected to a 25 min heat shock
at 37	C and harvested 72 hr later. To induce the GFP marker, larvae at 37	C and discs were dissected after 48, 72, and 90 hr.
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Immunohistochemistry cept of field cancerization: evidence and clinical implications. Can-
cer Res. 63, 1727–1730.Imaginal discs were immunostained using standard procedures for
confocal microscopy. The specific antibodies used were rabbit anti- Bucci, C., Parton, R.G., Mather, I.H., Stunnenberg, H., Simons, K.,
Gal (Cappel), rat anti-Brk (from G. Campbell), rabbit anti-Spalt (from Hoflack, B., and Zerial, M. (1992). The small GTPase rab5 functions
R. Schuh), mouse anti-engrailed 4D9 (Developmental Hybridoma as a regulator factor in the early endocytic pathway. Cell 70,
Bank), and rabbit anti-cleaved caspase-3 (Cell Signaling Technolo- 715–728.
gies). lacZ lines used to monitor the activity of the JNK and Dpp
Burke, R., and Basler, K. (1996). Dpp receptors are autonomously
signaling pathways were pucE69 (puc-lacZ, Martin-Blanco et al.,
required for cell proliferation in the entire developing Drosophila
1998) and transgene B40 (brk-lacZ, Mu¨ller et al., 2003) comprising
wing. Development 122, 2261–2269.
the regulatory region of the brk gene.
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cassette mediates Dro-sophila EGF receptor function during epider-RT-PCR
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2030.tained from these samples using Omniscript Reverse Transcriptase
(Qiagen). RT-PCR was performed using a Prism 7900HT equipment Entchev, E.V., Schwabedissen, A., and Gonzalez-Gaitan, M. (2000).
(Applied Biosystems) in combination with a SYBR green assay Gradient formation of the TGF-beta homolog Dpp. Cell 103, 981–991.
(Applied Biosystems) and the primers 5-ATGCCATGGATCGTAAT Evan, G.I., and Vousden, K.H. (2001). Proliferation, cell cycle and
TGG-3 and 5-ATTGCGCTTCTCGATCGTAT-3. apoptosis in cancer. Nature 411, 342–348.
Fernandez, P.C., Frank, S.R., Wang, L., Schroeder, M., Liu, S.,
Acknowledgments Greene, J., Cocito, A., and Amati, B. (2003). Genomic targets of the
human c-Myc protein. Genes Dev. 17, 1115–1129.
We thank T. Adachi-Yamada, G. Campbell, B. Edgar, P. Gallant, M.
Fortini, M.E., Simon, M.A., and Rubin, G.M. (1992). Signalling by theGonza´lez-Gaita´n, E. Hafen, and E. Martin-Blanco for fly stocks and
sevenless protein tyrosine kinase is mimicked by Ras1 activation.antibodies. We are especially indebted to P. Bellosta and P. Gallant
Nature 355, 559–561.for providing the tubdmycGal4 transgene prior to publication
Gibson, M.C., Lehman, D.A., and Schubiger, G. (2002). Lumenaland to D. Nellen for continuous help. We are also grateful to M.
transmission of decapentaplegic in Drosophila imaginal discs. Dev.Serrano for bringing to our attention the clinical phenomenon of
Cell 3, 451–460.“field cancerization” and to P. Gallant, E. Hafen, and G. Morata for
discussions. We thank P. Zipperlen and T. Hulf for help with RT- Gomez-Roman, N., Grandori, C., Eisenman, R.N., and White, R.J.
PCR, C. Schmidhauser for support with statistics, and C. Dahmann, (2003). Direct activation of RNA polymerase III transcription by
G. Lettre, and members of our laboratory for comments on the c-Myc. Nature 421, 290–294.
manuscript. This project was supported by the Swiss National Sci- Goyal, L., McCall, K., Agapite, J., Hartwieg, E., and Steller, H. (2000).
ence Foundation and the Kanton of Zu¨rich. Induction of apoptosis by Drosophila reaper, hid and grim through
inhibition of IAP function. EMBO J. 19, 589–597.
Received: October 6, 2003 Green, D.R., and Evan, G.I. (2002). A matter of life and death. Cancer
Revised: January 20, 2004 Cell 1, 19–30.
Accepted: February 3, 2004
Guo, Q.M., Malek, R.L., Kim, S., Chiao, C., He, M., Ruffy, M., Sanka,Published: April 1, 2004
K., Lee, N.H., Dang, C.V., and Liu, E.T. (2000). Identification of c-myc
responsive genes using rat cDNA microarray. Cancer Res. 60, 5922–
References 5928.
Hanahan, D., and Weinberg, R.A. (2000). The hallmarks of cancer.Abrams, J.M. (2002). Competition and compensation: coupled to
Cell 100, 57–70.death in development and cancer. Cell 110, 403–406.
Hay, B.A., Wolff, T., and Rubin, G.M. (1994). Expression of baculovi-Adachi-Yamada, T., and O’Connor, M.B. (2002). Morphogenetic
rus P35 prevents cell death in Drosophila. Development 120, 2121–apoptosis: a mechanism for correcting discontinuities in morphogen
2129.gradients. Dev. Biol. 251, 74–90.
Hay, B.A., Wassarman, D.A., and Rubin, G.M. (1995). DrosophilaAnand, N., Murthy, S., Amann, G., Wernick, M., Porter, L.A., Cukier,
homologs of baculovirus inhibitor of apoptosis proteins function toI.H., Collins, C., Gray, J.W., Diebold, J., Demetrick, D.J., and Lee,
block cell death. Cell 83, 1253–1262.J.M. (2002). Protein elongation factor EEF1A2 is a putative oncogene
Johnston, L.A., Prober, D.A., Edgar, B.A., Eisenman, R.N., and Gal-in ovarian cancer. Nat. Genet. 31, 301–305.
lant, P. (1999). Drosophila myc regulates cellular growth during de-Baker, N.E., and Yu, S.Y. (2001). The EGF receptor defines domains
velopment. Cell 98, 779–790.of cell cycle progression and survival to regulate cell number in the
Kozma, S.C., and Thomas, G. (2002). Regulation of cell size indeveloping Drosophila eye. Cell 104, 699–708.
growth, development and human disease: PI3K, PKB and S6K. Bio-Bernards, R., and Weinberg, R.A. (2002). A progression puzzle. Na-
essays 24, 65–71.ture 418, 823.
Kramps, T., Peter, O., Brunner, E., Nellen, D., Froesch, B., Chatterjee,Bo¨hni, R., Riesgo-Escovar, J., Oldham, S., Brogiolo, W., Stocker, H.,
S., Murone, M., Zu¨llig, S., and Basler, K. (2002). Wnt/Wingless signal-Andruss, B.F., Beckingham, K., and Hafen, E. (1999). Autonomous
ing requires BCL9/Legless-mediated recruitment of Pygopus to thecontrol of cell and organ size by CHICO, a Drosophila homolog of
nuclear -catenin-TCF complex. Cell 109, 47–60.vertebrate IRS1–4. Cell 97, 865–875.
Lambertsson, A. (1998). The Minute genes in Drosophila and theirBoon, K., Caron, H.N., van Asperen, R., Valentijn, L., Hermus, M.C.,
molecular functions. Adv. Genet. 38, 69–134.van Sluis, P., Roobeek, I., Weis, I., Voute, P.A., Schwab, M., and
Lawrence, P.A. (1992). The Making of a Fly (London: Blackwell Scien-Versteeg, R. (2001). N-myc enhances the expression of a large set
tific Publications).of genes functioning in ribosome biogenesis and protein synthesis.
EMBO J. 20, 1383–1393. Leevers, S.J., Weinkove, D., MacDougall, L.K., Hafen, E., and Wa-
terfield, M.D. (1996). The Drosophila phosphoinositide 3-kinaseBourbon, H.M., Gonzy-Treboul, G., Peronnet, F., Alin, M.F., Ardourel,
Dp110 promotes cell growth. EMBO J. 15, 6584–6594.C., Benassayag, C., Cribbs, D., Deutsch, J., Ferrer, P., Haenlin, M.,
et al. (2002). A P-insertion screen identifying novel X-linked essential Li, Z., Van Calcar, S., Qu, C., Cavenee, W.K., Zhang, M.Q., and
genes in Drosophila. Mech. Dev. 110, 71–83. Ren, B. (2003). A global transcriptional regulatory role for c-Myc in
Burkitt’s lymphoma cells. Proc. Natl. Acad. Sci. USA 100, 8164–8169.Braakhuis, B.J.M., Tabor, M.P., Kummer, J.A., Leemans, C.R., and
Brakenhoff, R.H. (2003). A genetic explanation of Slaughter’s con- Martin-Blanco, E., Gampel, A., Ring, J., Virdee, K., Kirov, N., Tolkov-
dMyc Transforms Cells into Super-Competitors
129
sky, A.M., and Martinez-Arias, A. (1998). puckered encodes a phos- (1999). The Drosophila caspase inhibitor DIAP1 is essential for cell
survival and is negatively regulated by HID. Cell 98, 453–463.phatase that mediates a feedback loop regulating JNK activity dur-
ing dorsal closure in Drosophila. Genes Dev. 12, 557–570. Yu, S.Y., Yoo, S.J., Yang, L., Zapata, C., Srinivasan, A., Hay, B.A.,
and Baker, N.E. (2002). A pathway of signals regulating effector andMartin-Castellanos, C., and Edgar, B.A. (2002). A characterization
initiator caspases in the developing Drosophila eye. Developmentof the effects of Dpp signaling on cell growth and proliferation in
129, 3269–3278.the Drosophila wing. Development 129, 1003–1013.
Zecca, M., Basler, K., and Struhl, G. (1995). Sequential organizingMcPherson, P.S., Kay, B.K., and Hussain, N.K. (2001). Signaling on
activities of engrailed, hedgehog and decapentaplegic in the Dro-the endocytic pathway. Traffic 2, 375–384.
sophila wing. Development 121, 2265–2278.Milan, M. (2002). Survival of the fittest. Cell competition in the Dro-
Zecca, M., Basler, K., and Struhl, G. (1996). Direct and long-rangesophila wing. EMBO Rep. 3, 724–725.
action of a wingless morphogen gradient. Cell 87, 833–844.Morata, G., and Ripoll, P. (1975). Minutes: mutants of Drosophila
Zerial, M., and McBride, H. (2001). Rab proteins as membrane orga-autonomously affecting cell division rate. Dev. Biol. 42, 211–221.
nizers. Nat. Rev. Mol. Cell Biol. 2, 107–117.Moreno, E., Basler, K., and Morata, G. (2002a). Cells compete for
Decapentaplegic survival factor to prevent apoptosis in Drosophila
wing development. Nature 416, 755–759.
Moreno, E., Yan, M., and Basler, K. (2002b). Evolution of TNF signal-
ing mechanisms: JNK-dependent apoptosis triggered by Eiger, the
Drosophila homolog of the TNF superfamily. Curr. Biol. 12, 1263–
1268.
Mu¨ller, B., Hartmann, B., Pyrowolakis, G., Affolter, M., and Basler,
K. (2003). Conversion of an extracellular Dpp/BMP morphogen gra-
dient into an inverse transcriptional gradient. Cell 113, 221–233.
Nellen, D., Burke, R., Struhl, G., and Basler, K. (1996). Direct and
long-range action of a Dpp morphogen gradient. Cell 85, 357–368.
Nesbit, C.E., Tersak, J.M., and Prochownik, E.V. (1999). MYC onco-
genes and human neoplastic disease. Oncogene 18, 3004–3016.
Neumann, C.J., and Cohen, S.M. (1997). Long-range action of Wing-
less organizes the dorsal-ventral axis of the Drosophila wing. Devel-
opment 124, 871–880.
Orian, A., van Steensel, B., Delrow, J., Bussemaker, H.J., Li, L.,
Sawado, T., Williams, E., Loo, L.W., Cowley, S.M., Yost, C., et al.
(2003). Genomic binding by the Drosophila Myc, Max, Mad/Mnt
transcription factor network. Genes Dev. 17, 1101–1114.
Pai, L.M., Kirkpatrick, C., Blanton, J., Oda, H., Takeichi, M., and
Peifer, M. (1996). Drosophila -catenin and E-cadherin bind to dis-
tinct regions of Drosophila Armadillo. J. Biol. Chem. 271, 32411–
32420.
Pelengaris, S., Khan, M., and Evan, G. (2002). c-Myc: more than just
a matter of life and death. Nat. Rev. Cancer 2, 764–776.
Prober, D.A., and Edgar, B.A. (2000). Ras1 promotes cellular growth
in the Drosophila wing. Cell 100, 435–446.
Queenan, A.M., Ghabrial, A., and Schu¨pbach, T. (1997). Ectopic
activation of torpedo/Egfr, a Drosophila receptor tyrosine kinase,
dorsalizes both the eggshell and the embryo. Development 124,
3871–3880.
Ramaswamy, S., Ross, K.N., Lander, E.S., and Golub, T.R. (2002).
A molecular signature of metastasis in primary solid tumors. Nat.
Genet. 33, 49–54.
Rosenblatt, J., Raff, M.C., and Cramer, L.P. (2001). An epithelial cell
destined for apoptosis signals its neighbors to extrude it by an actin-
and myosin-dependent mechanism. Curr. Biol. 11, 1847–1857.
Ruberte, E., Marty, T., Nellen, D., Affolter, M., and Basler, K. (1995).
An absolute requirement for both the Type II and Type I receptors,
punt and thick veins, for Dpp signaling in vivo. Cell 80, 890–898.
Ruggero, D., and Pandolfi, P.P. (2003). Does the ribosome translate
cancer? Nat. Rev. Cancer 3, 179–192.
Simpson, P. (1979). Parameters of cell competition in the compart-
ments of the wing disc of Drosophila. Dev. Biol. 69, 182–193.
Simpson, P., and Morata, G. (1981). Differential mitotic rates and
patterns of growth in compartments in the Drosophila wing. Dev.
Biol. 85, 299–308.
Slaughter, D.P., Southwick, H.W., and Smejkal, W. (1953). “Field
cancerization” in oral stratified squamous epithelium. Cancer (Phila.)
6, 963–968.
Spencer, F.A., Hoffmann, F.M., and Gelbart, W.M. (1982). Decapen-
taplegic: A gene complex affecting morphogenesis in Drosophila
melanogaster. Cell 28, 451–461.
Wang, S.L., Hawkins, C.J., Yoo, S.J., Muller, H.A., and Hay, B.A.
